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Abstract 
The main goal of the current study is to propose a model for determining the cutting forces taking into account the complex kinematics of the 
hobbing process. This model is based on one hand on the CAD geometrical simulations of undeformed chip generated by hobbing process and 
on the other hand on a mechanistic model. In this mechanistic approach, the specific force coefficients have been obtained from a 2D numerical 
model. As a result of this investigation, the evolution of cutting forces was used to analyze the effect of the cutting parameters on the 
machinability of the machined material. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The high performance of the gear transmission system is 
obtained through the high quality of involute gears. Among 
the various methods of manufacturing gears, hobbing is the 
most widely applied manufacturing process for the 
construction of involute gear in industry, [1, 2]. The prediction 
of cutting forces involved during the machining process is of 
great importance.  
The hobbing process is a complex metal removal technique 
compared to conventional machining operations, such as 
turning and milling, [2]. The kinematics principle of the 
process is based on three relative motions between the 
workgear and the hob tool. These motions have to be 
synchronized to produce the required gear. The workgear 
rotates around its axis of symmetry with a constant angular 
velocity, synchronized with the relative rotation of the hob 
around its own axis and the axial feed of the hob (see Fig. 1). 
The majority of research conducted these last years in the 
area of gear hobbing is focused on the physical mechanisms 
occurring at the cutting zone and during the chip formation 
process, [2, 3]. Some authors have been investigated the hob 
geometry, cutting forces measurements, the chip formation 
process during machining and the tool wear prediction [4–6].
Moreover, several authors developed various simulations 
codes of the gear hobbing process, such as SPARTApro and 
HOB3D software, [7, 8]. Numerical models have been 
developed using Computer-Aided Design (CAD) [1, 2, 9], 
Finite Element Analysis (FEA) [3, 10] or analytical based 
approaches, [11, 12]. Using these models, the prediction of the 
machining parameters such as chip geometry, chip flow, tool 
wear, cutting forces, etc… become possible considering the 
real workpiece, tool and production data, [1, 5, 6, 13–15]. 
The work presented above emphasizes more the hobbing 
process for the roughing of gears which are characterized by 
their small size (a few millimeters). Few studies have been 
interested in finishing hobbing gears, [7, 16]. In fact, the 
research studies on the hobbing process for finishing with very 
large sizes (diameter > 1 meter) are not numerous. This type 
of operation is studied in the present paper. It is characterized 
by specific parameters compared to small gears. For example, 
the machining time of one big gear is about several hours 
while it is about only a few seconds for small gears. One hob 
tool can be used to machine several small gears while it is 
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used to machine just one big gear. The weight and dimensions 
of this kind of parts are also specific parameters to this type of 
operation. 
In this paper a new methodology was developed to predict 
the hobbing forces components from the analysis of 
orthogonal cutting tests and the calculation of undeformed 
chip thickness. For this purpose, a new mechanistic approach 
of the cutting process has been used. Thus, the force 
coefficients (cutting and edge effects) have been obtained 
from a numerical model based on the ALE approach. This 
model enables to analyze precisely the thermomechanical 
effect of the cutting edge on the chip formation during the 
hobbing operation of big part. 
2. Modelling of the hobbing process 
2.1. Kinematics of hobbing process
As mentioned before, hobbing is a highly geometrical 
complex process compared to conventional machining. 
Manufacturing simulations facilitate the analysis of 
machining processes, [17]. In the literature, many authors 
studied virtual kinematics simulations for the hobbing 
process, [1, 2]. The aims being to introduce a mathematical 
model to calculate the shape and thickness of the various 
undeformed chip created for every hob tooth. 
In gear hobbing, the hob tool and the workgear move in a 
linked revolution ratio. These revolutions are synchronized 
with the hob axial-feed (see Fig. 1-(b)). Such kinematics are 
used to generate a specific geometry of involute gears. 
In order to simulate the kinematic of hobbing process, a 
new CAD model has been developed in the current work with 
CATIA software. It has been used to calculate the 
undeformed chip profiles from the geometric intersection 
between the tool and the work-piece. To implement this 
model, the geometry of the hob tool and the workgear was 
defined from several parameters as shown in Fig. 1. These
parameters are the module (m), the number of teeth (z2), the 
outside diameter (dg), the helix angle (ha), the gear width (w) 
and the pressure angle (αn). In order to complete the 
kinematics chain of the hobbing process, other parameters of 
the hob tool must be defined. These parameters are the outside 
diameter of hob (dh), the number of columns (ni), the number 
of hob origins (z1), the helix angle of the hob (γh) and the axial 
pitch (ε). Other parameters can also be defined such as the 
depth of cut (t), the axial feed (fa), the cutting speed (Vc) and 
the setting angle of the hob relative to the workgear (η). This 
angle is of great importance in the hobbing process. It is 
calculated from the difference between the helix angle of the 
workgear (ha) and the helix angle of the hob (γh).
Hob
Workgear
Column
Gear 
axis
3D View
(a)
γhε
Fig. 1. Principal parameters and basic kinematics of gear hobbing 
(a) 3D view of hobbing process; (b) 2D-views of hobbing process. 
The CAD model of the tool was generated thanks to the 3D 
digitization process using the Breukmann system. The 
Breukmann apparatus allows scanning of the real hob tool 
geometry in the form of points cloud set. These recorded 
space points are then rebuilt to obtain a representative CAD 
model. The average measuring error was estimated at 0.2mm. 
Regarding the 3D model of the work-piece, it is built from the 
main geometrical parameters of the gear to the semi-finished 
state. To be validated, the model was compared with the 2D 
profile of the part supplied by the manufacturer. 
From these definitions, a CAD program was created to 
calculate the shape and thickness of the undeformed chip. 
This program is based on four coordinated systems. The two 
coordinate systems (1) and (2) are positioned on the work-
piece. They have a Z-axis running through the workgear’s 
axis. In the coordinate system (2), the Y axis is always 
rotating toward the direction of the gap center while the axes 
of coordinate system (1) are fixed. The two coordinate 
systems (3) and (4) are positioned on the hob tool. The 
coordinate system (4) is associated to the examined tooth and 
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has the Z axis parallel to the hob’s axis, the X axis 
perpendicular to Y and Z axis. The Z axis of the coordinate 
system (3) coincided with the hob’s axis and it was used to 
calculate the total cutting forces exerted on the tool, Figs. 1 
and 3. 
The simulation of kinematics of the hobbing process is 
established by the transfer of all cutting motions on the hob 
tool in order to optimize the calculation time. This means that 
the part was held stationary and the tool moved. Concerning 
the initial position of the hob relative to the work-piece, the 
hob’s axis is inclined by the setting angle (η) relative to the 
horizontal plane (X1Y1) and is parallel to the plane (X1Z1). 
Then, the setting up of the hob is made via the centering of 
the reference tooth in a gap gear. It is the tooth which has the 
local axis X4 parallel to local axis Y2 when it passes through 
the center of the gap. Finally, the positioning of the cutting 
edge is carried out by creating a 3D point on the hob. This 
point is placed in the center of the hob tool. The movement of 
the hob center forms a helix around the workgear. The helix 
radius is equal to 2 2h gd d t  , the helix pitch is equal to 
fa and its axis is the Z axis of the coordinate system (2). 
In order to identify the columns of the hob tool, they are 
numbered. The column which contains the reference tooth is 
denoted by “column 0”. The column that passes after column 
“0” is column “1” and the column previous to that is column 
“13” respectively. The hob tool contains 14 columns in total.
Based on this model, the 3D chip profile was calculated 
from two surfaces. The first is defined by the assembly of 
different generating tool positions. The second surface is 
defined from the surface of the gap gear before machining. 
The intersection of these surfaces forms the 3D volume of the 
undeformed chip (see Fig. 2). In order to calculate accurately 
the 3D chip generated during the cutting finishing operation, 
the generating tool positions are determined specifically. In 
fact, the intersection calculated on the first round on the hob 
and for each column allows the profile of finishing gear to be 
obtained with an attack in full cut of the tool, regardless of the 
machined material in the previous turn. The calculation is 
therefore not representative of reality. The hob tool is 
assumed to machine through the top of the workgear to finish 
at the bottom. So to determine accurately the uncut chip 
section, during cutting, the previous pass has been considered.  
Fig. 2. Illustration of the geometrical simulation of uncut chip in hobbing 
finishing process
2.2. Modelling and prediction of the cutting forces
components
In order to determine the cutting forces, the mechanistic 
approach developed by Armagero and Epp. [18] has been 
adopted. The cutting force Fv and the thrust force Ff are 
calculated from the local undeformed chip thickness as given 
by Equation (1). The specific edge coefficients (Kei) and the 
specific cutting coefficients (Kci) were determined from a 2D 
numerical model of an elementary orthogonal cutting 
operation, see Subsection 2.3. 
;i ci eiF K hb K b i v or f                                                         (1)
where h is the uncut chip thickness and b represents the width 
of cut. 
In order to determine the cutting forces during the hobbing 
process, the mechanistic model was applied with a 
discretization method of the cutting edge. Fig. 3 illustrates the 
principle cutting edge discretization of the hob’s tooth. The 
first step in the calculation is the identification of five 
different zones. These five zones consist of three linear edges 
(zone 1, 3 and 5) and two rounded parts (zone 2 and 3). To 
take into account the real cutting edge geometry, the engaged 
part in the cutting of the rounded nose is broken down into a 
set of cutting edge elements. Thus, each elementary chip 
produced by a straight cutting edge element, is obtained from 
an orthogonal cutting operation. The section area of the 
undeformed chip bh, machined by a cutting edge element, is 
determined by using CAD software and the corresponding 
elemental cutting forces dFv and dFf are calculated from Eq. 
(1). Finally, the total forces components exerted on the hob 
tool are obtained by integrating elementary force components 
as given by Eqs. (2) and (3). 
Fig. 3. Cutting edge discretization and coordinate systems 
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In these equations Ti is the angular position of the cutting 
tooth, αn the pressure angle of the hob, αl the inclination angle 
of the elementary edge in zone 2, and αR the inclination angle 
of the elementary edge in zone 4. 
2.3. Numerical calculations
Using the ALE approach with the Abaqus/Explicit FE 
code, 2D numerical simulations of orthogonal cutting have 
been performed, [19]. The ALE (Arbitrary Lagrangian-
Eulerian) approach is considered as the most appropriate 
method to simulate the thermo-mechanical process of 
continuous chip formation. A uniform mesh has been adopted 
for the work-piece (about 20 μm of size) and for the cutting 
tool (18μm). The simulated machining time is about 20ms. 
With this approach, the initial geometry of the chip has to be 
defined in terms of the initial chip thickness and the tool-chip 
contact length. 
The modelling of the chip formation process is generally 
performed by considering the tool-workpiece couple. Only the 
vicinity of the cutting zone is considered in the numerical 
model. For the tool-workpiece couple, the solution 
corresponding to the thermomechanical problem should 
satisfy simultaneously and at any time the following 
mechanical and thermal balance equations (4-5): 
ufdiv v UV     (4)
02   vp qTcT UO (5)
V is the Cauchy stress tensor, vf  the body force density, u
the acceleration, T the temperature, U  the material density, 
O  the thermal conductivity, pc  the specific heat capacity, 
and vq  the volumetric heat generation. 
The balance equations are strongly coupled. The stress 
tensor V depends on the temperature T via the material 
behaviour laws, Equation (6). Also in the thermal balance 
Equation (5), the volumetric heat generation vq in the work 
material is mainly due to the plastic work, depending on the 
strain, strain rate and temperature. The different non-
linearities (geometrical, material behaviour and contact) make 
the analytical resolution of the two equilibrium equations (4)
and (5) impossible in practice, even in the 2D case, as 
considered in the present work. Numerical approaches, like 
the Finite Element Method (FEM), are generally necessary to 
solve this system of equations. 
The mechanical and thermal properties of the work-piece 
(AISI 4337) and the cutting tool (ASP 30) are given in Table 
1. 
Table 1. Mechanical and thermal properties of the used work-piece and 
cutting tool. 
Work piece Tool
Material AISI 4337 ASP 30
E-modulus (GPa) 210 240
Hardeness (HRC) 33 65
Poisson’s ratio 0.3 0.28
Density (Kg/m3) 7.84 8.1
Thermal conductivity (W/m.K) 37.7 24
Specific heat (J/Kg.K) 460 420
Tm (K) 1700 -
T0 (K) 298 298
The thermo-mechanical behaviour of the work-piece is 
assumed to be isotropic and thermoviscoplastic with the 
following constitutive: 
  m0
0 0
1 ln 1
p
np
m
T T
A B C
T T
HV H H
    
ª ºª § ·º § ·ª º « »¨ ¸ ¨ ¸« »¬ ¼ ¬ © ¹¼ © ¹« »¬ ¼
(6)
where A, B, C, m and n are the material parameters, pH  the 
Von Mises equivalent plastic strain, pH  the Von Mises 
equivalent plastic strain rate, 
0H  the reference equivalent 
plastic strain rate, Tm and T0 are, respectively, the material 
melting temperature and the reference ambient temperature. 
The Johnson–Cook law parameters of the workmaterial AISI 
4337 are reported in Table 2. 
Table 2. Mechanical and thermal properties of the used work-piece and 
cutting tool. 
A (MPa) B (MPa) n C m
850 356 0.304 0.072 0.513
The friction along the tool-workpiece interface has a
significant effect during machining, since it directly affects 
the thermo-mechanical contact loading. As part of the FE 
modelling, the local friction at the tool-chip interface (i.e. at
any contact point) is modelled by the modified Coulomb 
friction law, where the friction stress is limited by the current 
shear flow stress of the work material, written as follows: 
min( , )
f loc n
W W P V (7)
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where fW  is the shear friction stress , nV  is the normal 
contact stress, locμ  is the local friction coefficient and 
3W V  is the current shear flow stress of the work 
material at the contact interface. The case where .f loc nW P V 
is known as the sliding contact, and the case where 
fW W  is 
known as the sticking contact. The sticking contact occurs 
close to the tool tip and the sliding contact occurs where the 
chip leaves the rake face and at the end of contact at the flank 
face. In addition, the heat exchange at the tool-workpiece 
interface has two origins, the frictional heat ( fq ) and the heat 
conduction across the interface ( cq ) due to the thermal 
contact resistance, which is written as follows: 
(1 )
t f c
w f c
q q q
q q q
E
E
o
o
 
  
­®¯ (8)
With:
 
f f f s
c w t
q v
q h T T
K W 
 
­®¯ (9)
where tqo and wqo  are heat flux densities going into the tool 
and work-piece, respectively, sQ is the sliding velocity, fW  the 
friction stress given by Eq. (7) and fK  the frictional work 
conversion factor. E  is the heat generation coefficient, which 
defines the fraction of friction heat generated at the tool-chip 
interface ( fqE  ) and the complementary part (i.e. (1 ) fqE )
on the work material side. The latter may depend on other 
interface parameters (e.g. the sliding velocity sQ ). Tw and Tt
are temperatures on two elemental surfaces in the work-piece 
and tool under contact, respectively. The corresponding tool-
work material interface parameters are reported in Table 3. 
Table 3. Tool–workpiece interface parameters. 
E fK h [W/m2/°K]
0.5 1 2000
3. Experimental study and model validation 
Several experiments have been conducted to validate the 
cutting forces predicted by the numerical model. Orthogonal 
cutting tests were performed on tubes made of the low steel 
alloy AISI 4337 with an outside diameter of 42mm and 
thickness of 2mm. The tool used was taken from straight 
edges on the teeth of the monobloc hob tool (see Fig. 4). The 
aim of this is to use the same material composition as the real 
industrial hob. The material tool is the high-speed-steel 
ASP30 (HSS). 
The selected cutting parameters are reported in Table 4.
For each test, the cutting forces were recorded using a Kistler 
dynamometer (Type 9257B) attached to the tool holder and 
connected to data acquisition software through a multi-
channel charge amplifier. 
Table 4. Machining parameters. 
Parameters Value
Cutting velocity [m/min] 9-30
Feed rate (f) [mm/rev] 0.05
Width of cut [mm] 2
Lubrification Neat cutting oil
Toothhob
Tool cutting
Hob-tool Orthogonal cuttingtest
Work piece
Tool-holder
KISTLER table
Lubrification 
system
Fig. 4. Experimental set-up.
Fig. 5 illustrates an example of a 3D undeformed chip 
produced by the reference hob’s tooth. The cross-section area 
and the maximum chip thickness (h max) were calculated 
during the simulation and are presented in 2D plots.  
Undeformed chip of the reference tooth 
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m=25mm, αn=25.4°, z1/z2=1/236, fa=4mm/tr, t=1mm, ni=14, dh=336mm, 
dg=6000mm, Up-Cut hobbing, Spur gear
Fig. 5. Characteristics of the undeformed chip
Experimental results are compared in Fig. 6 to a numerical 
estimation of cutting forces in the case of orthogonal cutting 
tests. In the range of 9m/min and 18m/min, the average error 
calculation is about 20% for the cutting force (Fv) and 15% 
for the thrust force (Ff). Table 5 illustrates the average specific 
force coefficients as calculated from the numerical 
simulations in Subsection 2.3. Thus, the cutting forces exerted 
on the tool hob can be determined from these force 
coefficients by using Eq. (1). 
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(Fv) and tangential force (Ff) for orthogonal cutting tests
Table 5. Average cutting force coefficients as calculates from the numerical 
model of the orthogonal cutting tests. 
Orthogonal cutting test
Kcv (N/mm²) Kcf (N/mm²) Kev (N/mm) Kef (N/mm)
3127.08 1180.18 10.44 7.35
Fig. 7 presents an example of calculation of cutting force 
components using the procedure described above. This graph 
illustrates the variation of the cutting forces corresponding to 
the reference hob’s tooth.  
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Fig. 7. Cutting forces calculation for the reference hob’s tooth during hobbing 
process.
4. Conclusion  
The mechanistic approach proposed in this work was 
applied to predict cutting force components generated during 
the hobbing process. This new methodology was developed 
for predicting the real and complex cutting forces in hobbing. 
It consists of the simulation of the undeformed chip with 
CATIA software and then the calculation of the instantaneous 
chip cross. The cutting forces were determined from a 
mechanistic model for which the specific cutting and edge 
coefficients are obtained from a 2D Finite Element model. A
good agreement was found between orthogonal cutting tests 
and the numerical calculations. Thus, the present approach 
can be used to analyze precisely the evolution of cutting 
forces during the complex hobbing process.
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